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Soil Osmotic Potential and Its Effect on Vapor Flow
from a Pervaporative Irrigation Membrane
Lindsay C. Todman1; Anaïs Chhang2; Hannah J. Riordan3; Dawn Brooks4; Adrian P. Butler5;
and Michael R. Templeton6
Abstract: Pervaporative irrigation is a membrane technology that can be used for desalination and subsurface irrigation simultaneously.
To irrigate, the tube-shaped polymer membrane is buried in soil and filled with water. Because of the membrane transport process, water
enters the soil in the vapor phase, drawn across the membrane when the relative humidity in the air-filled pores is low. Soils are typically
humid environments; however, the presence of hygroscopic compounds such as fertilizers decreases the humidity. For example, at 20°C the
humidity in air in equilibrium above a saturated ammonium nitrate solution is 63%. Here, experiments showed that the presence of fertilizers
in sand increased the water flux across the membrane by an order of magnitude. An expression for vapor sorption into sand containing
different hygroscopic compounds was developed and combined with a model of vapor and liquid flow in soil. The success of the model in
simulating experimental results suggests that the proposed mechanism, adsorption of moisture from the vapor phase by hygroscopic com-
pounds, explains the observed increase in the flux from the irrigation system. DOI: 10.1061/(ASCE)EE.1943-7870.0001379. This work is
made available under the terms of the Creative Commons Attribution 4.0 International license, http://creativecommons.org/licenses/by/4.0/.
Introduction
Pervaporative irrigation is a promising subsurface irrigation tech-
nology that can be used to desalinate water as it is distributed
through soil (Quin˜ones-Bolan˜os and Zhou 2006; Sule et al. 2013;
Muthu and Brant 2015). The technology consists of a semiperme-
able, nonporous, and hydrophilic polymer membrane, formed into
a tube, across which water transport occurs by the process of per-
vaporation. During irrigation, the pervaporative tube is filled with
(saline) water and buried in the soil. If the surrounding soil is dry, a
chemical potential gradient across the membrane draws water
from inside the tube into the soil, while salt is retained in the tube
(Quin˜ones-Bolan˜os and Zhou 2006; Muthu and Brant 2015).
Notably, during transport water sorbs into the membrane and can
only desorb by evaporating; thus water enters the soil in the vapor
phase and the water vapor pressure in the soil affects the flux across
the membrane. As such, during pervaporative irrigation, soil mois-
ture conditions are the driving force for the process; they provide
a feedback mechanism between the crop water uptake and the
irrigation flux (i.e., irrigation on demand). Pervaporative irrigation
therefore offers passive, low-energy desalinization and enables the
use of saline water sources for irrigation without the risk of soil
salinization, which would otherwise be a concern. Additionally, the
system offers the benefit of autonomous scheduling of water pro-
vision to plants. From a scientific perspective, experiments with
these membranes also provide a rare opportunity to observe a sub-
surface flux of water vapor into soil without the addition of heat.
In the field, enough tube must be buried beneath the crop to
provide sufficient surface area and hence sufficient water. It would
therefore be useful to be able to predict the irrigation flux from the
membrane in field conditions and thus estimate the appropriate sur-
face area of the membrane. In other applications of pervaporation,
the flux across the membrane is generally controlled directly by
maintaining favorable conditions at the downstream edge of the
membrane (e.g., Néel 1995). For pervaporative irrigation, however,
the conditions at the downstream edge of the membrane are those in
the soil pores and are thus affected by the soil moisture conditions,
which are in turn affected by the environmental conditions. Work-
ing toward the aim of predicting performance in the field, initial
models simulate the flux across the pervaporative membrane in
bare soils in controlled laboratory conditions (Quin˜ones-Bolan˜os
and Zhou 2006; Todman et al. 2013a). Results from these models
and supporting experimental work have indicated that, in bare soil
without plants, the high humidity of the soil environment limits the
flux from the membrane (Todman et al. 2013a, b). However, hygro-
scopic compounds such as fertilizers present in the soil would ab-
sorb moisture from the air-filled pores. The equilibrium relative
humidity in the air around the resulting salt solution then depends
on the osmotic properties of the salt, as the liquid surface effectively
forms a semipermeable membrane across which only water can
pass. Thus, this decrease in relative humidity should increase the
flux from the irrigation membrane. Indeed, the addition of 16 g=kg
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of sodium chloride to silica sand increased the flux across the mem-
brane by an order of magnitude compared to clean sand (Todman
et al. 2013b).
Pervaporative irrigation systems are of particular interest for ir-
rigation in arid regions, including desert conditions. In these con-
ditions, the ability to make use of low-quality water and to provide
water in response to the soil moisture conditions would be particu-
larly valuable. In many arid regions, soils are saline, as the net
evaporation from the soil draws salts into the surface layers. Thus,
salts at varying concentrations may be present when pervaporative
irrigation systems are used in the field. Additionally, when burying
the pervaporative tube in desert sand, fertilizers may be applied in
order to provide an initial nutrient source to crops. These com-
pounds are hygroscopic (Adams and Merz 1929) and will therefore
also affect the osmotic potential and the relative humidity in the
soil. As such, a variety of osmotic compounds could be present
in the sand, affecting soil conditions and thus the interaction with
the pervaporative membrane.
In this paper, a method was developed to incorporate the effects
of different osmotic compounds in sand on the flux of water into the
soil. This builds on the model of Todman et al. (2013a); however,
here the model was parameterized using measurements of the prop-
erties of the osmotic compound itself rather than measurements of
this osmotic compound in the soil, as was done previously. As such,
the approach reduces the need for additional measurements to sim-
ulate the effect of different compounds, instead making use of lit-
erature data on the water adsorption by the salt where available.
Here, three alternative expressions of the soil water retention char-
acteristic curve (SWRC) were considered, focusing on their perfor-
mance in dry conditions. The effect of osmotic compounds on this
curve was then modeled based on knowledge of the osmotic po-
tential of the compound in water. These data are available in the
literature for many simple compounds (Scatchard et al. 1938;
Hamer and Wu 1972) or could alternatively be measured or simu-
lated. This method thus allows the effect of other salts, and different
concentrations of salts, to be simulated in the model, without the
need to take sorption isotherm measurements for each scenario.
Additionally, an expression for liquid film flow in dry soils was
added to the model of vapor flow through soil. The model was
tested using previous experimental results (Todman et al. 2013a)
that were used to calibrate some model parameters and then vali-
dated, for the first time, using new results collected to observe how
the flux is affected by the presence of different fertilizers.
Methods
Experimental Methods
Three experiments were conducted to quantify the flux from a per-
vaporative polymer tube into silica sand with added fertilizers. The
distribution of particle sizes in the sand was previously published
(Todman et al. 2013b) and ranged from 0.1 to 0.48 mm. The added
fertilizers were potassium chloride KCl (6.3 g kg−1 dry sand),
ammonium nitrate ðNH4ÞðNO3Þ (9.4 g kg−1) and urea CH4N2O
(9.4 g kg−1). These represent high concentrations in terms of what
might be applied annually to a crop; indeed, assuming an even ap-
plication, this concentration of ammonium nitrate corresponds to
an application rate of approximately 10; 000m2 (5,000 kgN=ha).
This is more than an order of magnitude higher than what might
be applied even at a high application rate to a nitrogen-hungry crop
such as wheat. In other words, it would be unlikely that such a
concentration would occur in such a large volume of soil; however,
it could occur for a smaller volume in the immediate vicinity of the
membrane, and for the purposes of this experiment it was prefer-
able to use a constant concentration in the soil to avoid salt
transport. These experiments supplement data from two published
experiments (Todman et al. 2013a), conducted following the same
method (i.e., same sand, setup, and packing method) but with dif-
ferent osmotic potentials in the sand. One of these experiments had
no osmotic compounds added to the sand, and the other had sodium
chloride NaCl (16 g kg−1).
After being oven dried at 105°C for 24 h, the sand was cooled in
a desiccated environment, mixed with granular fertilizer at the ap-
propriate density, and packed (1,600 kgm−3) into the measurement
chamber with the irrigation tube running through the center (Fig. 1).
The tube and supply reservoir were then filled with deionized water
(the desalination ability of the membrane was not used in these
experiments), and the mass of a supply reservoir and the humidity
in the enclosed chamber above the soil were monitored. The flux of
water into the soil was determined from the change in mass of
the supply reservoir and assuming an outer diameter of the tube
of 26.2 mm (i.e., neglecting corrugations that gave the tube struc-
tural strength). During the experiments, the laboratory temperature
was maintained at 21 1°C. As each experiment took 3 months to
run, they were not repeated. However, the method was previously
shown to be highly repeatable (Todman et al. 2013b), and the only
alteration here was to use different osmotic compounds. The tube
Fig. 1. Experimental setup. (Adapted from Todman et al. 2013b.)
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used in these experiments was composed of a nonporous hydro-
philic polymer membrane (DuPont de Nemours International,
Geneva, Switzerland). The method for packing the sand followed
that detailed by Todman et al. (2013a).
Numerical Model
Model of Water Retention and Sorption in Soil
Several mathematical relationships have been developed to de-
scribe the SWRC. These originally focused on wetter conditions
in which water is primarily held by capillary forces (e.g., Kosugi
1999; van Genuchten 1980). In dry conditions, however, water is
primarily held by adsorptive forces. Consequently, models that
only represent the capillary range are not suitable for simulations
in arid conditions because the inclusion of adsorption affects
the simulated vapor flow (Ciocca et al. 2014). To address this, sev-
eral models that emphasize the SWRC in drier conditions have
been developed. Most of these are extensions of models that are
frequently used to model the wet range, such as those of Kosugi
(1999) and van Genuchten (1980), although some models are new
expressions for the entire range of soil moisture contents (e.g., Rossi
and Nimmo 1994). Khlosi et al. (2008) compared eight such mod-
els, concluding that the model of Khlosi et al. (2006) gave the best
fit to the data. Lu et al. (2008) compared three models, including
the Khlosi model, and concluded that all three provided adequate
representation of their data for eight soils when they were fitted
with sufficient data. Subsequently, several additional models have
been proposed (Peters 2013; Jensen et al. 2015; Lu 2016), with the
Peters model being particularly widely used.
In this study, we compare the ability of three recent models to
represent the SWRC observed for the silica sand used in this study.
These models are
• Todman et al. (2013a):
θ ¼ θs − θr½1þ ðα1jψmjÞn1 m1 þ
θr
½1þ ðα2jψmjÞn2 m2
ð1Þ
where θs (m3 m−3) = saturated water content; θr (m3 m−3) =
residual water content; ψm (m) = matric potential in the soil;
α1 (m−1) is approximately equal to the air-entry pressure,
α2 (m−1); n1 and n2 = additional fitting parameters; and
m ¼ 1 − 1=n.
• Khlosi et al. (2006):
θ ¼ 1
2

θs − θa

1 − lnðjψmjÞ
lnðjψ0jÞ

erfc
½lnðψm=ψdÞ
σ
ﬃﬃﬃ
2
p
þ θa

1 − lnðjψmjÞ
lnðjψ0jÞ

ð2Þ
where θa (m3 m−3) = curve-fitting parameter representing
the water content at ψm ¼ −1; ψ0 (m) = water potential at oven
dryness (Khlosi et al. suggested ψ0 ¼ −105 m); and ψd (m) and
σ = fitting parameters.
• Peters (2013):
θ ¼ θs

w

1
1þ ðαjψmjÞn

m
þ ð1 − wÞXm

1 − lnð1þ ψm=ψaÞ
lnð1þ ψ0=ψaÞ

ð3Þ
with
Xm ¼

1 − lnð2Þ
lnð1þ ψ0=ψaÞ
−1
where w = weighing factor between adsorptive and capillary
saturation subjected to 0 ≤ w ≤ 1; α (m−1) = approximate
air-entry pressure; n = additional fitting parameter; m ¼
1 − 1=n; and ψa ¼ −α−1. As in the Khlosi expression, ψ0 (m)
is the matric potential associated with the water content at oven
dryness. This expression is slightly modified compared to that
of Peters (2013) to avoid a discontinuity in the gradient of the
expression that, if used within the numerical model of water
flow through soil detailed below, would slow down the numer-
ical solver. In all three expressions, the first term represents the
capillary water in the soil; the Khlosi model builds on the
Kosugi (1999) model of water retention in this wetter range,
whereas the other two models use the van Genuchten (1980)
model.
Adsorption of water into soil, which can be represented as the
relationship between the water content and the equilibrium relative
humidity in the soil (the sorption isotherm), is affected by the pres-
ence of added osmotic compounds. Assuming that the matric
potential in the soil as a function of the liquid water content is un-
changed, the SWRC remains the same despite the presence of a
compound. The osmotic potential, however, is increased by the
compound and this also affects the equilibrium relative humidity
in the air-filled pore space, which can be modeled as (Marshall
et al. 1996, p. 71)
h ¼ cv
cv;sat
¼ exp

mwgðψm þ ψπÞ
RT

ð4Þ
where h = relative humidity; cv (molm−3) = vapor concentration of
water in the air in the soil pores; cv;sat (molm−3) = saturated vapor
concentration of water; mw (kgmol−1) = molar mass of water;
g (m s−2) = acceleration due to gravity; ψm (m) = matric potential
of the liquid water in the soil; ψπ (m) = osmotic potential;
R (m2 kg s−2 mol−1 K−1) = universal gas constant; and
T (K) = temperature (21°C for the experiments reported here).
In silica sand with no added osmotic compounds, the osmotic
potential is negligible, and the sorption isotherm (soil moisture con-
tent θ as a function of the relative humidity h) is therefore defined
by the SWRC [Eqs. (1), (2), or (3)] and Eq. (4).
Model of Osmotic Potential in Soil
When salts are present in the sand, the osmotic potential can also be
quantified. Todman et al. (2013a) measured the water adsorption
into sand with added NaCl and used these data to develop an
empirical relationship to describe the osmotic potential as a func-
tion of the matric potential
ψπ ¼
d1
½1þ ðαπjψmjÞnπ mπ
− d2 ð5Þ
where d2 (m) = osmotic potential of the saturated salt solution;
d1 (m) relates to the maximum osmotic potential in the soil
(d1 − d2, i.e., the smallest absolute value), which depends on
the characteristics of the salt, the concentration of salt in the
soil, and the volume of pore space in the soil; απ (m−1) and nπ =
shape parameters; and mπ ¼ 1 − 1=nπ. However, if the bulk
density of the compound and the water content of the sand are
known, the concentration of the solution in the soil is known
and the osmotic potential can be inferred. The relationship between
osmotic potential and the concentration of a compound in water
can be measured experimentally (Hamer and Wu 1972; Scatchard
et al. 1938) or estimated using theoretical approaches (Grattoni
et al. 2007). When measured, this relationship is often character-
ized by quantifying the osmotic coefficient (ϕ) at various salt con-
centrations. Once this coefficient is known, the osmotic potential
© ASCE 04018048-3 J. Environ. Eng.
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can be estimated for any salt concentration by rearranging the
Morse equation (Grattoni et al. 2007) to give
ψπ ¼ −ϕðcswÞicswRTρwg ð6Þ
where csw (molm−3) = concentration of the salt in water;
i = van ’t Hoff factor (i.e., the number of ions present in the mol-
ecule, e.g., i ¼ 2 for NaCl); and ρw (kgm−3) = density of water.
Assuming that the dry salt is distributed evenly throughout the soil,
the salt concentration in unsaturated solutions can be calculated
from a mass balance
θcsw ¼ csb ð7Þ
where csb (molm−3) = bulk concentration of salt in the soil, calcu-
lated from the packing density. Because the water content in the soil
cannot increase above the saturated water content (θ ≤ θs), csb=θs
is the lowest salt concentration that can occur in the soil water.
At low water contents, however, the salt solution will be saturated
as follows:
csw ¼ minðcsw;sat; csb=θÞ ð8Þ
The relationship between the matric and osmotic potentials can
then be calculated using Eq. (6) and a SWRC [Eqs. (1)–(3)]. Here,
as the data for osmotic potential were available for a number
of discrete points, the relationship between matric and osmotic
potentials at these points was calculated and used as data to fit
the four parameters for the continuous expression in Eq. (5). The
temperature was assumed to remain constant both temporally and
spatially as the laboratory temperature was controlled throughout
the experiments.
Model of Water Transport in Soil
Transport of water from the membrane and through the soil was
modeled in the vapor and liquid phases following the work of
Todman et al. (2013a), with the addition of an expression for film
flow (Peters 2013). The modeling assumptions are that
• Water transport occurred in the liquid and vapor phases and
these two phases were in equilibrium.
• Flows due to temperature effects were negligible.
• Osmotic compounds were distributed evenly throughout the soil
and did not move throughout the experiment. This is unlikely
in reality, but simplifies the model considerably, and it was
assumed that this was reasonable particularly because the soil
water content was initially low. Additionally, in a previous ex-
periment, a wetting front of 4 cm was observed after 10 days
(Todman et al. 2013b); thus salts were unlikely to move far.
The model uses a two-dimensional (2D) finite-volume method
for a cross section of the experiment. A mesh of finite-volume cells
was generated to cover half of the cross section (e.g., Todman et al.
2013a), up to a line of symmetry through the middle of the box. All
the edges of the box and the line of symmetry were simulated as
no-flow boundaries, and the boundary at the edge of the membrane
in contact with the soil was simulated as a 100%-relative-humidity
surface. This means that water transport from the inner to the
outer edge of the membrane was not modeled explicitly. Instead,
the flux across the membrane into the soil was determined by
Fick’s law and depends on the humidity in the air-filled soil pores.
The assumption of 100% humidity at the membrane is reasonable
because, in the soil close to the membrane, high humidity is likely;
thus the transport of water from the membrane into the soil should
be the limiting step that regulates the flux. This assumption can
be tested by comparison between the simulated and observed
experimental flux.
Vapor flow through the soil across the edge of each finite-
volume cell was simulated in two dimensions using Fick’s law
qv
! ¼ −mwDeðθs − θÞ∇cv ð9Þ
where qv
! (kgm−2 s−1) = mass flux of vapor; mw (kgmol−1) =
molar mass of water; De (m2 s−1) = effective diffusion coefficient;
θ (m3 m−3) = liquid water content of the soil modeled as a function
of the soil matric potential using Eq. (4); θs (m3 m−3) = saturated
liquid water content of the soil; and c (molm−3) = concentration
of water vapor. Note that θs − θ quantifies the air-filled porosity.
The effective diffusion coefficient De ¼ τDa, where Da (m2 s−1)
is the diffusion coefficient for water vapor in air and τ is a param-
eter used to represent the tortuosity of the pathway for vapor flow
through the soil. Although the effective diffusion coefficient is
often considered to vary with water content, such changes were
not included in this model because it was assumed that the changes
in water content are small.
Liquid flow through the soil was simulated using Darcy’s law
ql
!¼ −ρK∇ðψm − zÞ ð10Þ
where ql
! (kgm−2 s−1) = liquid mass flux; ρ (kgm−3) = density of
liquid water; K (m s−1) = hydraulic conductivity; ψm (m) = matric
potential; and z (m) = depth. The hydraulic conductivity is simu-
lated using (Peters 2013)
K ¼ Ks½ð1 − ωÞKc þ ωKf ð11Þ
where Ks (m s−1) = saturated hydraulic conductivity; ω = relative
contributions of film flow and capillary flow; the capillary relative
conductivity Kc is given by Mualem (1976)
Kc ¼ Sηe½1 − ð1 − Se1=m1Þm1 2
Se ¼ ½1þ ðα1jψmjÞn1 −m1 ð12Þ
and the relative conductivity of the film flow Kf
Kf ¼
(
ðψm=ψaÞ−1.5 ψm > ψa
1 ψm ≤ ψa
ð13Þ
The mass of water Mw (kg) within a finite-volume cell, V (m3),
is given by
Mw ¼ cmwVðθs − θÞ þ ρVθ ð14Þ
From continuity, the mass flux into each finite-volume grid cell
was equated to the change in mass in that cell; thusZ
S
ðql!þ qv!Þ · ~ndA ¼ dMwdt ¼ mwVðθs − θÞ dcdψm dψmdt
þ ðρ − cmwÞV dθdψm
dψm
dt
ð15Þ
where A (m2) = area; S = surface around a finite-volume cell; and
~n = unit vector normal to the surface of the cell.
Rearranging in terms of the change in matric potential
dψm
dt
¼
R
Sðql!þ qv!Þ · ~ndA
mwVðθs − θÞðdc=dψmÞ þ ðρ − cmwÞVðdθ=dψmÞ ð16Þ
where from Eqs. (1) (for the Todman model of SWRC), (4), and (5)
© ASCE 04018048-4 J. Environ. Eng.
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dθ
dψm
¼−m1n1ðθs− θrÞðα1jψmjÞ
n1
ψm½1þðα1jψmjÞn1 m1þ1
−m2n2ðθs− θrÞðα2jψmjÞ
n2
ψm½1þðα2jψmjÞn2 m2þ1
dc
dψm
¼ csat
mwg
RT

1þ dψπ
dψm

exp

mwgðψmþψπÞ
RT

dψπ
dψm
¼− mπnπcd1ðαjψmjÞ
nπ
ψmð1þðαjψmjÞnπÞnπmπþ1
ð17Þ
Eq. (16) is then solved simultaneously for each cell in the finite-
volume grid using the MATLAB function ode15s (Shampine and
Reichelt 1997).
Parameter Estimation
SWRC parameters in Eqs. (1)–(3) were estimated by fitting to
experimental data for the sand without any added salt. Previously,
Khlosi et al. (2008) compared SWRC curves using the root-mean-
square error (RMSE); however, RMSE is generally considered
biased toward larger values (i.e., wetter conditions) and here dry
conditions are of particular interest. Thus, here, the SWRC param-
eters were fitted by minimizing the mean absolute percentage error
between the simulated and observed results (Table 1). Parameters
for Eq. (5) were obtained for each salt (Table 2) using literature data
for the osmotic coefficients of these salts. These osmotic coeffi-
cients were used to derive data for the relationship between the
osmotic and matric potential in the sand [Eqs. (6)–(8)]. The param-
eters were then obtained by fitting Eq. (5) to these derived data.
Fitting was carried out using the MATLAB function fminsearch,
which uses the Nelder-Mead simplex algorithm (Mathworks 2017).
The tortuosity and hydraulic conductivity parameters (τ , Ks, and η)
from Todman et al. (2013a) were used, along with other literature
values for standard constants (Table 3). These three parameters
were previously fitted to the data for the experiments in sand with-
out added salt and with added NaCl. The same two experiments
were again used to confirm that these parameter values were still
appropriate when combined with the new model of osmotic poten-
tial. The initial conditions for each of the experiments are also given
in Table 2.
Results
Of the three SWRC expressions considered, all provided good rep-
resentations of the experimental data for the water retention in sand
(Fig. 2), with mean percentage errors of 20, 21, and 23% for the
Todman [Eq. (1)], Khlosi [Eq. (2)], and Peters [Eq. (3)] models
respectively. Differences in the models occurred mainly at matric
potentials where data were sparse. Compared to the Todman model,
the Peters and Khlosi expressions improved on the shape (i.e., cur-
vature) of the curve in the drier region and these models have also
been more widely used. Nevertheless, the Todman expression
provided the best fit to the sorption isotherm during wetting and,
given the context, was thus used in further simulations in this paper.
Simulations using the Peters model are included in the Appendix,
and results in comparison to those simulated using the Todman
model are discussed below.
The method developed to simulate the sorption of water into
sand with added NaCl provided a very good representation of
both the critical humidity, above which water adsorption increases
greatly, and the magnitude of this adsorption (Fig. 3). The param-
eters for the osmotic adsorption were identified based on the liter-
ature knowledge of the osmotic compounds, rather than by fitting
the model to these data as was done in previous work (Todman et al.
2013a). Using these parameters, along with those for the water flow
in the soil (τ , Ks, and η), in the model provided a good simulation
of both the relative humidity above the soil and the flux into the
sand with added sodium chloride (Fig. 4). The timing of the
changes in relative humidity above the sand was well simulated,
but the magnitude was underestimated for much of the experiment.
In the sand with sodium chloride, the addition of film flow in the
Table 1. Fitted parameter values for SWRC
Parameter Value
Fitted parameters for Todman SWRC [Eq. (1)]
θs (m3 m−3) 0.281
θr (m3 m−3) 0.0055
α1 (m−1) 3.56
α2 (m−1) 0.069
n1 3.88
n2 1.30
Fitted parameters for Khlosi SWRC [Eq. (2)]
θs (m3 m−3) 0.259
θa (m3 m−3) 0.0043
ψd (m) −0.350
σ 0.415
Fitted parameters for Peters SWRC [Eq. (3)]
θs (m3 m−3) 0.258
w 0.978
α (m−1) 3.16
n 4.61
Table 2. Initial conditions and parameter values for the model of the osmotic potential using Eq. (5)
Parameter No added salt Sodium chloride Potassium chloridea Ureab Ammonium nitratea
Initial humidity (%) 40 42 42 17 62
d1 (m) 0 3,157 2,149 3,261 5,379
d2 (m) 0 3,924 2,409 3,503 5,677
απ (m−1) N/A 2.7 2.0 1.6 1.4
nπ N/A 10.9 7.6 5.4 3.9
aFitted using measurements from Hamer and Wu (1972).
bFitted using measurements from Scatchard et al. (1938).
Table 3. Water flow in soil parameters for simulation of pervaporative
irrigation
Parameter Value Literature source
Da (m s−1) 2.45 × 10−5 Bolz and Tuve (1973)
csat (molm−3) 1.01 Lawrence (2005)a
τ 1 Todman et al. (2013a)
Ks (m s−1) 8 × 10−9 Todman et al. (2013a)
η 0.1 Todman et al. (2013a)
ω 0.01 Peters (2013)
aEstimated at 21°C using the Magnus formula described by Lawrence
(2005).
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model improved the flux simulated within the first 20 days
[Fig. 4(a)]. In the sand without any added salt, however, including
film flow had little effect on the simulated flux as the conditions
remained very dry.
When the model was used to predict the results of the three ex-
periments with added fertilizers, the sorption isotherm for the sand
with each of the fertilizers added was simulated using literature data
for the osmotic coefficient of each compound (Fig. 5). As in the
experiments with and without sodium chloride, the timing of the
changes in relative humidity was simulated well for all three
added fertilizers but the magnitude was underestimated in humid
conditions [Figs. 6(b, d, and f)]. The flux into the sand was simu-
lated well in the experiments with urea and ammonium nitrate
[Figs. 6(c and e)] but was overestimated in the experiment with
potassium chloride [Fig. 6(a)]. Further attention to the relationship
between the osmotic and matric potentials in humid conditions
may improve this as, in the longer term, the humidity close to
the membrane is high. Simulations that used the Peters SWRC
(Appendix) showed similar patterns in timing to those with the Tod-
man SWRC, suggesting that the results were not overly sensitive to
the choice of SWRC. Notably, the flux into the sand with added
potassium chloride was again overestimated. In general, the inclu-
sion of vapor flow and adsorption due to osmotic potential in the
model reproduces the large observed increase in flux compared to
that observed in sand without added salt.
Discussion
Several models of SWRC for the full range of moisture contents
from saturation to oven dryness have been suggested and here only
three were compared (Fig. 2). The conclusion, however, was sim-
ilar to that of Lu et al. (2008), that multiple models can provide
adequate fit if sufficient data are available. The data here were
(a) (b)
Fig. 2. Observed moisture retention in sand showing the hysteresis in the drying and wetting isotherms and the ability of three nonhysteretic
expressions to represent this relationship shown as (a) a moisture sorption isotherm; and (b) the soil water retention characteristic. The two plots
show the same data and expressions, and the relative humidity and matric potential are related by Eq. (4), assuming that the osmotic potential is zero.
The sorption isotherm highlights the fit of the model in dry conditions.
(a) (b)
Fig. 3. Effect of 16 kg kg−1 sodium chloride on moisture sorption into sand: (a) the fitted relationship between the osmotic and matric potential (line)
using data (crosses) derived from literature measurements of the osmotic coefficient of sodium chloride in water (data from Hamer andWu 1972); and
(b) the observed sorption isotherm in saline sand (circles) and the predicted isotherm (line) estimated based on the combined effect of sorption into
sand without salt [Fig. 2(a)] and the osmotic effect [Fig. 3(a)].
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biased toward the dry end, with four times as many data points
measured using the vapor sorption method than the hanging col-
umn and pressure plates. This is unusual because, in other data
sets, such as that used for the comparisons made by Khlosi et al.
(2008), there are often more data available for the wetter water
contents (i.e., those greater than the absorptive range). Thus the
performance of SWRC models in the wetter range may dominate
the model comparison. Clearly, using one data set is not sufficient
to draw conclusions about the performance of the models more
generally; however, because of the hysteresis and the fit of the
Todman model to the wetting data, that model was particularly
relevant in this context.
The method developed here for quantifying the effect of
fertilizer compounds on the moisture sorption isotherm was very
effective (Fig. 3). This was probably aided by the fact that the
compounds were added to a silica sand rather than a soil with finer
particles, different mineralogy, and organic matter content, all
of which would increase the moisture sorption into the soil with-
out any added hygroscopic compounds (Arthur et al. 2015). The
assumption that the sorption due to the salt could be added to that
due to the sand may occur because the salt did not interact with the
inert sand particles. The method would therefore require testing
before being applied for other soil types.
Experimental results showed that, as expected, the addition
of any of the fertilizer compounds to the soil increased the flux
across the membrane (Fig. 6). The results supported the modeling
assumption that the membrane could be simulated as a 100% hu-
midity boundary as the simulated fluxes were similar to those ob-
served experimentally. The effect of osmotic compounds on vapor
transport has been much studied within the context of evaporation
because the presence of these compounds reduces evaporation
(Gran et al. 2011; Nachshon et al. 2011). Part of the mechanism
for this reduction is the lower vapor pressure in the soil pores be-
cause of the osmotic potential of the soil water solution. In the con-
densation process observed in the experiments here, it is therefore
unsurprising that condensation is increased by the presence of
osmotic compounds. Here, the increase in flux was less for the po-
tassium chloride than for either the urea or the ammonium nitrate.
This is logical as the equilibrium humidity of a saturated solution
of potassium chloride at 20°C is 85% compared to 72 and 63% for
saturated solutions of urea and ammonium nitrate respectively. The
potential difference across the membrane was therefore initially
lower for the potassium chloride experiment. The model, however,
should have captured this difference, yet for this simulation only
the model overestimated the flux and there is no obvious explan-
ation as to why.
Notably, the model also consistently underestimated the relative
humidity in all but the initial day of the experiments (Figs. 4 and 6).
This may be due to experimental error, because in conditions close
to 100% relative humidity, condensation can form within the probe
and increase the observed measurement. In fact, the increase in the
measured condensation above 100% in the later stages of the ex-
periment suggests that condensation did occur, but it is not clear
when condensation started. Nevertheless, the success of the model
in simulating the observed flux and the timing of the humidity in-
creases supports the assumption that the pervaporative membrane
can be simulated as a 100% humidity boundary and indicates that
the decrease in vapor pressure in the soil because of the presence of
osmotic compounds can sufficiently increase the driving force for
pervaporation across the membrane, and hence the flux. As with
previous work (Todman et al. 2013a, b), the modeling results again
Fig. 5. Simulated moisture sorption isotherms for sand with added
fertilizer salts.
(a) (b)
Fig. 4. Observed and simulated: (a) flux from a pervaporative membrane; and (b) relative humidity above the soil in laboratory experiments without
any salt (which was used to fit the tortuosity coefficient parameter) and with sodium chloride in the sand (which was used to fit the saturated hydraulic
conductivity parameter). The simulations with and without the inclusion of film flow are indistinguishable for the sand without added salt.
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point toward the importance of soil vapor flows for the performance
of pervaporative irrigation membranes.
In field conditions, diurnal temperature variations are also likely
to have a significant effect on vapor flows in soil and should
be considered in further work. Nevertheless, the behavior of the
sorption isotherm of water in sand mixed with an osmotic com-
pound at a given concentration gives an indication of the expected
magnitude of the increase in flux because of the presence of that
compound. Thus, highly hygroscopic compounds that adsorb large
volumes of water at low relative humidity are likely to result in
far greater fluxes than those for soils with less hygroscopic com-
pounds. Following the method presented in this paper, these
sorption isotherms can now be predicted from knowledge of the
sorption isotherm of the sand and the osmotic potential of the rel-
evant compound in water. For simple compounds, such data are
available in the literature; however, particularly for more complex
compounds or mixtures, measurements could be conducted to
estimate this relationship.
The concentration of fertilizers used in the experiments was
high. However, the flux increase compared to that for sand without
any compounds was more than an order of magnitude. High
osmotic potential in the root zone can result in osmotic stress to
plants because the potential difference between the soil and
roots is reduced, making water uptake more difficult. As such, de-
spite the increase in the water flux into the soil because of the pres-
ence of osmotic compounds, this water may not be available to
plants. Nevertheless, roots are also known to excrete compounds,
often referred to as root exudates, into the soil surrounding the roots
(the rhizosphere). Root exudate composition includes hygroscopic
sugars and amino acids (Paterson et al. 2007), each of which, indi-
vidually, would stimulate condensation in the rhizosphere and
thus vapor flux toward this region. The osmotic potential in the
rhizosphere, however, is likely to be affected also by the interaction
of the different solutes that are present (Cochrane and Cochrane
2005). Microorganisms in the rhizosphere will also interact with
these root exudates; thus the osmotic potential could vary with
time. The large effect of soil osmotic potential observed here sug-
gests that root exudates could be an important means for interaction
between plants and pervaporative membranes in soil and should
be investigated further.
Conclusions
Previous work using this model (Todman et al. 2013a) relied on
parameter values fitted to data collected specifically to measure
(a) (b)
(c) (d)
(e) (f)
Fig. 6. (a, c, and e) The observed and simulated flux across the pervaporative membrane and (b, d, and f) the observed and simulated relative humidity
above the sand into sand with (a and b) added potassium chloride; (c and d) urea; and (e and f) ammonium nitrate.
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the adsorption of water into a sand with an added osmotic com-
pound. The method presented here allows these parameters to
be estimated from literature values or independent measurements
of the osmotic compounds out of the soil, and it is very effective.
This allows the model to be applied much more readily to simulate
the effect of different compounds at variable concentrations.
Additionally, the success of the model in simulating the results
of experiments conducted using different osmotic compounds
provides further evidence to support the proposed mechanism
simulated in the model—that vapor flow and soil vapor sorption
play an important role in the performance of pervaporative irriga-
tion membranes. Along with the new experimental observations
in soils with three different fertilizers added, which in all
cases showed an order of magnitude increase in flux compared
to sand without added fertilizer, this suggests that osmotic com-
pounds in the soil should be considered when evaluating this irri-
gation approach because of their effect on relative humidity in
the soil.
(a) (b)
(c) (d)
(e) (f)
(g) (h)
(i) (j)
Fig. 7.Water flux and relative humidity simulated using the Peters model of soil water retention [Eq. (3)]. Results are shown for simulations in sand
with (a and b) no osmotic compound and for (c–j) the addition of four different added osmotic compounds. Simulated results are compared to those
observed experimentally.
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Appendix. Model Simulations Using an Alternative
Soil Water Retention Curve
To consider the sensitivity of the model to the choice of soil water
retention curve (SWRC), the simulations of flux and relative hu-
midity into the sand with different salts were also performed using
the Peters (2013) model. The model equations were as described,
except for Eq. (17), for which dθ=dψm was instead calculated by
differentiating Eq. (3). These model simulations (Fig. 7) showed
similar patterns as those seen using the Todman et al. (2013a)
model. More specifically, using the Peters SWRC, the model still
simulated the flux well in all cases except the potassium chloride,
when the flux was again overestimated. The relative humidity was
again overestimated in the later stages of the test.
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